Abstract. Through in-depth analysis of the second harmonic nonlinear conversion efficiency, using periodically poled crystal MgO:sPPLT as the research object, combining the Sellmeier equation and the polar period with temperature thermal expansion relationship, the best matching temperature is obtained when the fundamental laser is normal incidence into the periodically poled crystal. When the fundamental laser tilt incident, equivalent polar period becomes larger, the best matching temperature is reduced. Temperature and wavelength accept bandwidth can be obtained conveniently using the normalized frequency doubling efficiency curves for given length of frequency doubling crystal. The crystal length becomes longer, temperature and wavelength accept bandwidth will become narrower. These conclusions are useful for other periodically poled crystals and are guidances for cw fiber laser external cavity frequency doubling. As long as the Sellmeier equation and polar period with temperature thermal expansion relationship are known, the method used in this study can be extended to other periodically poled crystals.
Introduction
For the expansion of the existing laser wavelength scope, frequency conversion is an effective means and frequency doubling is one important way. At present, in order to obtain high efficiency continuous laser frequency conversion, the use of intracavity frequency doubling is a general method [1] [2] [3] . However, in order to obtain high stability, low noise, even single frequency, it often needs to design the resonant cavity and align carefully [1] [4] . With the development of laser technology, external cavity frequency doubling using high power CW laser by periodically poled nonlinear crystal is drawing more and more attention [5] [6] [7] [8] [9] . So it is necessary to optimize the design of frequency doubling characteristics for periodically poled crystals.
In this paper, through in-depth analysis of the second harmonic nonlinear conversion efficiency, using periodically poled crystal MgO:sPPLT as the research object, combining the Sellmeier equation and the polar period with temperature thermal expansion relationship, the best matching temperature is obtained when the fundamental laser is normal incidence into the periodically poled crystal. When the fundamental laser tilt incident, equivalent polar period becomes larger, the best matching temperature is reduced. Temperature and wavelength accept bandwidth can be obtained conveniently using the normalized frequency doubling efficiency curves for given length of frequency doubling crystal. The crystal length becomes longer, temperature and wavelength accept bandwidth will become narrower. These conclusions are useful for other periodically poled crystals and are guidances for cw fiber laser external cavity frequency doubling. As long as the Sellmeier equation and polar period with temperature thermal expansion relationship are known, the method used in this study can be extended to other periodically poled crystals.
Second Harmonic Conversion Efficiency
The second harmonic conversion efficiency formula for the conditions of the fundamental frequency light is not exhausted and the plane wave approximation is [10] :
Of which,  is second harmonic conversion efficiency, deff d
is effective nonlinear coefficient of nonlinear crystal, L is the length of nonlinear crystal,  n is the fundamental frequency light refractive index,  2 n is the frequency doubling light refractive index, c is the speed of light in vacuum, 0  is vacuum dielectric constant,   is the wavelength of the fundamental frequency light in vacuum,  P is fundamental frequency power, A is the average spot area for fundamental frequency light in the nonlinear crystal, k  is the phase mismatch factor, ) ( sin x c is expressed as x x / ) sin( . For the chosen nonlinear crystal and certain optical focusing structure, the first term is constant, and do not make specific analysis. And analysis is focused on the second term. The analysis of second harmonic conversion efficiency is changed into the analysis of phase mismatch factor.
Analysis of Phase Mismatch Factor
Nonlinear frequency conversion must meet the energy and momentum conservation [10] :
Of which, 01
 , 02  and 03  are wavelength in vacuum for three light participating in the nonlinear effect. 1 n , 2 n and 3 n are refractive index corresponding to three light, and the index is the function of temperature and wavelength in general.
The law of momentum conservation equation (3) is actually the phase matching relationship, while for quasi phase matching the relationship is:
Of which,  is polar period, m is quasi phase matching order and odd such as 1, 3, 5 etc is adopted [11] .
m is 1 in general and temperature change is considered. Meanwhile the quasi phase matching nonlinear effect in the crystal is usually e light. Then the phase mismatch factor becomes: For frequency doubling, the phase mismatch factor becomes: From formula (6), one can conclude that the analysis of phase mismatch factor needs Sellmeier equation of the periodically poled crystal.
Parameters of Periodically Poled Crystal
Due to the performance of MgO:sPPLT is excellent currently, its frequency doubling characteristics are analyzed in this study. Sellmeier equation for MgO:sPPLT is [12]:
The parameters in the equation are shown in Table 1 . (7) is valid for wavelength range of 0.39-4.1μm, the temperature range of 30-200C. Considering the thermal expansion of the crystal, polar period is the function of temperature [12] :
is polar period at the temperature of 25C and 7.97 is adopted.  is 
The Best Matching Temperature
When the fundamental frequency light is incident into the crystal normally, polar period curves due to thermal expansion (red) and complete phase matching (pink) are drawn in the same graph using MATLB software as shown in Fig.1 . By enlarging the graph, the intersection abscissa of these two curves is 55.17C which is the optimum phase matching temperature for normal incident. However, light will deviate from the normal incident in experiments as shown in Fig.2 . Fig.2 The light tilt incident into the crystal Equivalent polar period is obtained by refraction law:
Of which, refraction angle is:
, and  is incident angle.
Equivalent polar periods for 1° and 3°as the function of temperature are shown in Fig.1 . Phase matching temperature can be read 55.04 C and 54.01 C by enlarging the graph. With the increasing of the tilt angle, the refraction angle will increase. And the increasing of the equivalent polar period will lead to the drop of phase matching temperature. According to this characteristic, one can adjust the temperature to the correct direction. The experiments also proved this point [7] [9].
The Relationship Between Accept Bandwidth and Crystal Length
The direct relationship between the normalized frequency doubling efficiency and temperature and wavelength is drawn as shown in Fig.3 and Fig.4 for different length of the crystal.
From Fig.3 , one can obtain the best phase matching temperature 55.17C which is agreement with the result of Fig.1 . From Fig.4 , one can obtain the best phase matching wavelength is 1064nm. For different length of crystal, the results of temperature and wavelength accept bandwidths are shown in table 2. The crystal is longer, the accept bandwidth of temperature and wavelength is narrower. The longer crystal means high frequency doubling efficiency from equation (1), however, it will need high temperature control precision and narrow line width fundamental laser. Fig.4 The direct relationship between the normalized efficiency and wavelength 
Conclusion
According to the second harmonic nonlinear conversion efficiency, using periodically poled crystal MgO:sPPLT as the research object, combining the Sellmeier equation and the polar period with temperature thermal expansion relationship, the best matching temperature is obtained when the fundamental laser is normal incidence into the periodically poled crystal. When the fundamental laser tilt incident, equivalent polar period becomes larger, the best matching temperature is reduced. Temperature and wavelength accept bandwidth can be obtained conveniently using the normalized frequency doubling efficiency curves for given length of frequency doubling crystal. The crystal length becomes longer, temperature and wavelength accept bandwidth will become narrower. These conclusions are useful for other periodically poled crystals and are guidances for cw fiber laser external cavity frequency doubling. As long as the Sellmeier equation and polar period with temperature thermal expansion relationship are known, the method used in this study can be extended to other periodically poled crystals.
